miR-133a and miR-1 are known as muscle-specific microRNAs that are involved in cardiac development and pathophysiology. We have shown that both miR-1 and miR-133a are early and progressively upregulated during in vitro cardiac differentiation of adult cardiac progenitor cells (CPCs), but only miR-133a expression was enhanced under in vitro oxidative stress. miR-1 was demonstrated to favor differentiation of CPCs, whereas miR-133a overexpression protected CPCs against cell death, targeting, among others, the proapoptotic genes Bim and Bmf. miR-133a-CPCs clearly improved cardiac function in a rat myocardial infarction model by reducing fibrosis and hypertrophy and increasing vascularization and cardiomyocyte proliferation. The beneficial effects of miR-133a-CPCs seem to correlate with the upregulated expression of several relevant paracrine factors and the plausible cooperative secretion of miR-133a via exosomal transport. Finally, an in vitro heart muscle model confirmed the antiapoptotic effects of miR-133a-CPCs, favoring the structuration and contractile functionality of the artificial tissue.
INTRODUCTION
Cardiovascular diseases are the major cause of illness and death in developed countries, and transplantation of progenitor cells has emerged as a bona fide therapeutic option for this group of diseases. Currently, cell therapy approaches with diverse types of mature or stem cell populations have produced modest improvements (Sanganalmath and Bolli, 2013) . Among them, resident cardiac stem/progenitor cells (CSCs/CPCs) are a promising option (Chugh et al., 2012 , Malliaras et al., 2014 . Many experimental adult CPC populations have been isolated, based on a specific surface marker profile or their differentiation potential. The most studied are c-KIT + , SCA-1 + , cardiosphere-derived cells, and cardiac mesoangioblasts, all of which have demonstrated regenerative potential in vivo (Beltrami et al., 2003 , Galvez et al., 2008 , Malliaras et al., 2012 , Oh et al., 2003 , Tateishi et al., 2007 . However, transplanted cells die in large numbers in the infarcted myocardium shortly after transplantation, presenting a hurdle to improving heart function through stem cell therapy (Robey et al., 2008) . The infarct microenvironment is characterized by hypoxia, oxidative stress, and proapoptotic and inflammatory factors (Hori and Nishida, 2009 ); thus, a deeper understanding of how transplanted progenitor cells engraft and survive in this hostile context is required to enhance their clinical usefulness. microRNAs (miRNAs) are small noncoding RNAs of 22 nucleotides that control gene expression chiefly by translational repression (Lee et al., 2004) . miRNA expression is spatially and temporally regulated during development, and they can participate in the regulation of pluripotent stem cell lineage commitment (Ivey et al., 2008) . miR-1 and miR-133a belong to the MyomiR group of muscle-specific miRNAs. They regulate heart and skeletal muscle biology and play an important role in heart development (Liu et al., 2008 , Matkovich et al., 2010 . Both miRNAs are transcribed from the same locus and are processed as a bicistronic transcript. This locus is duplicated in the genome, although mature miRNA forms are identical from both loci (Townley-Tilson et al., 2010) . Their expression is controlled by serum response factor (SRF), MEF2, and MyoD transcription factors, which bind to sequences located upstream from the miRNAs and/or to their intergenic sequences (Liu et al., 2008 , Zhao et al., 2005 . Overexpression of miR-1 mediates cardiomyocyte withdrawal from the cell cycle through the targeting of Hand2. Conversely, mice deficient for miR-1-2 have an elevated number of postnatal cardiomyocytes proliferating and present an enlargement of ventricular walls (Zhao et al., 2007) . Double knockout mice for both mature forms of miR-133a exhibit excessive cardiomyocyte proliferation and increased apoptosis associated with an elevated expression of their targets SRF and cyclin D2, leading to ventricular-septal defects (Zhao et al., 2007) . However, overexpression of miR-133a in postnatal cardiomyocytes (Matkovich et al., 2010) or under the control of a musclespecific promoter (Deng et al., 2011) has no significant effect.
miR-1 and miR-133a have been implicated in pathological processes such as hypertrophy (Liu et al., 2008 , Matkovich et al., 2010 , Zhao et al., 2005 , and their levels may define a predisease stage. A recent meta-analysis (comprising 15 studies and 2,136 patients) demonstrated the validity of miR-133a and miR-499 levels in plasma or serum as a diagnostic biomarker of myocardial infarction (MI) . However, analysis of surgical samples of the right atrial myocardium of patients showed that miR-133 expression decreased significantly as the severity of heart failure increased; no correlation was found for miR-1 (Danowski et al., 2013) . Furthermore, miR-133a is downregulated in response to transaortic constrictioninduced hypertrophy and after MI in mice, rats, pigs, and humans (Carè et al., 2007 , Hullinger et al., 2012 , He et al., 2011 and also in diabetic cardiomyopathy , Yildirim et al., 2013 . Downregulation of miR-133a has been also associated with several vascular pathologies such as atherosclerosis, intracranial aneurysms, and arterial calcification (Gao et al., 2014 , Jiang et al., 2013 , Liao et al., 2013 .
miR-1 and miR-133a have been demonstrated to influence embryonic stem (ES) cell fate; in fact, overexpression of each miR in mouse and human ES cells promotes mesoderm specification while suppressing other lineages (Ivey et al., 2008) . Ivey and Srivastava (2010) showed that forced miR-1 expression alone was sufficient to drive expression of cardiogenic markers, while miR-133a overexpression blocked this process. Controversially, other studies have described that miR-1 overexpression reduces the expression of cardiac markers in mouse ES cells (Takaya et al., 2009) . Therefore, thorough knowledge about how miR-1 and miR-133a influence cardiac differentiation of pluripotent and multipotent cells is needed. In addition, apart from their central role in heart function, they are also implicated in a regulatory network of miRNAs controlling osteoblastic and chondrogenic differentiation of MSCs (Li et al., 2008 , Wang et al., 2012 . Collectively, these examples illustrate the putative central role of these musclespecific miRNAs in cellular homeostasis.
In this work, we describe a role for miR-133a in the survival regulation of a Sca-1 + CPC population, which shares features with other populations of mesenchymal stem cells (MSCs) in terms of surface marker profile and differentiation potential. Interestingly, miR-133a promotes survival of CPCs under oxidative stress by decreasing caspase 3 activity and targeting the proapoptotic genes Bim and Bmf. Furthermore, transplantation of miR-133a-CPCs significantly improves heart function in murine models of acute MI by reducing cardiac hypertrophy and cardiomyocyte apoptosis and increasing bFgf, Vegf, Igf1, and Hgf expression in vitro. Finally, we describe that the majority of secreted miR-133a is localized in the exosomal fraction of miR-133-CPCs.
RESULTS

Role of miR-1 and miR-133a in Adult CPCs
CPCs from adult mouse hearts accounted for 7%-20% of the myocyte-depleted small cells from the myocardium (Figures S1A and S1B available online) and endowed cardiac, endothelial, and smooth-muscle differentiation capacity ( Figures S1C and S2 ). In addition, mouse CPCs also demonstrated MSC-like differential potential (Figures S1D and S1E) as previously shown for human counterparts (Moscoso et al., 2013) . miR-1 and miR-133a expression was under the detection level in undifferentiated CPCs, but exposure to cardiac differentiation conditions ( Figure 1A ) or coculture with neonatal rat cardiomyocytes (NRCMs; Figure 1B ) progressively increased the expression of miR-1 and miR-133a. To analyze the influence of both myomiRs in CPCs differentiation capacity, we transduced them with retroviral vectors encoding miR-1, miR-133a, or a control miRNA ( Figure S3A ). After dexamethasone (Dex) induction, we analyzed Nkx2.5 and Troponin T expression as early and late cardiac markers, respectively. Interestingly, whereas miR-1-CPCs showed a significant increase in Nkx2.5 expression, both in basal conditions and after cardiac induction with Dex, miR-133a-CPCs did not display any significant modification ( Figure S3B ). Evaluation of levels of Troponin T, after induction (Dex), rendered a similar result ( Figure S3C ). This strongly suggests that forced expression of miR-1 could be favoring cardiac commitment and differentiation of CPCs, whereas overexpression of miR-133a does not seem to modulate significantly these processes. Neither of the transduced miRNAs affected the proliferation, as measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay or 3 H-thymidine incorporation (Figures S3D and S3E) or apoptosis rates (data not shown) of CPCs, in basal conditions.
In an in vitro model of induced oxidative stress injury, only miR-133a was significantly upregulated upon treatment of CPCs with H 2 O 2 (200 mM; 1-5 hr) ( Figure 1C) . Importantly, miR-1-CPCs displayed increased apoptosis in comparison with both control-miR-CPCs and miR-133a-CPCs ( Figures 1D, S4A , and S4B). A significant increase in caspase 3 activity in control cells was prevented in miR133a-CPCs ( Figure 1E ); a comparable result was obtained by measurement of cytosolic cytochrome c ( Figure S4C ).
Bioinformatic Prediction of miR-133a Targets
Bioinformatic analysis of putative target genes for miR133a by Ingenuity Pathway Analysis software predicted cell death as the main biological function affected at organ and cellular level and hypertrophy, fibrosis, and apoptosis as the main toxic processes altered. We found common targets as Bmf (Bcl-2 modifying factor) and Bim (Bcl2l11), which are potent proapoptotic factors (reviewed by Piñon et al., 2008) , a serine threonine kinase Stk4 (formerly Mst1) activated by oxidative stress (Cottini et al., 2014 , Del Re et al., 2014 , and finally Foxo1 that has been described as a critical promotor of cardiomyocyte survival upon oxidative stress conditions (Puthanveetil et al., 2013) . Particularly interesting is the recent implication of Bmf in oxidative stress-induced apoptosis of hepatic progenitor populations after activation of transforming growth factor b (TGF-b) signaling (Martínez-Palacián et al., 2013) , which was predicted in our analysis as putative upstream regulator of Bmf, Bim, and Foxo1 (see Supplemental Experimental Procedures; Figures S5 and S6A) .
Quantitative RT-PCR (RT-qPCR) analysis of miR-133a-CPCs versus miR-control-CPCs, challenged with H 2 O 2 , 
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showed that although the expression of all these predicted targets was effectively downregulated, Bim and Bmf were specially affected (Figures 1F and S6B) . To confirm whether miR-133a could modulate directly the expression of Bim and Bmf, we cloned separately a 1kb fragment of their 3 0 UTRs containing predicted binding sites for miR-133a, downstream of the Renilla luciferase reporter and transfected 293T cells with the constructs. The cotransfection with a synthetic precursor of miR133a significantly reduced luciferase activity in both cases with respect to a scramble miRNA, while cotransfection with a miR-133a inhibitor abolished this reduction ( Figure 1G ).
miR-133a-CPCs Protect Cardiac Function
To evaluate the potential protective effect of miR-133a in vivo, GFP-tagged CPCs (10 5 ) expressing control miRNA or miR-133a were injected into the infarct border zone in a MI model in immunosuppressed rats ( Figure 2A ). Cardiac function was monitored by echocardiography 1 day before MI and 2 and 4 weeks after MI and CPC/vehicle injection ( Figure 2B ). Compared with vehicle injection, animals injected with CPCs showed significantly greater fractional area change (FAC) at 2 weeks after MI, but no significant differences were observed between rats injected with control-miR-CPCs and miR-133a-CPCs. However, at 4 weeks after MI, animals injected with miR-133a-CPCs showed significantly greater FAC compared with animals injected with either vehicle or control-miR-CPCs ( Figure 2C ; Table  S3 ). Similarly, fractional shortening (FS) at 2 weeks after MI was increased by injection with CPCs, independently of miRNA expression, but at 4 weeks after MI, this increase was sustained only in rats injected with miR-133a-CPCs ( Figure 2D ; Table S3 ). No GFP + cells could be found on heart sections 4 weeks after transplant ( Figure 2E) ; similar results were obtained using a syngeneic mouse MI model, in which GFP + CPCs could be detected at low numbers within the first postinjection days, although a clear advantage for miR-133a-CPCs was not evidenced (unpublished data). Morphometric analysis of explanted hearts 4 weeks after MI showed severe left ventricle chamber dilatation and infarct wall thinning in vehicle-treated animals Table S3 .
( Figure 3A ; Table S4 ). Transplantation of control-miR-CPCs significantly decreased the scar area with respect to vehicletreated animals, although no significant differences were found in infarcted wall thickness or viable myocardium inside the risk area ( Figures 3B-3E ). However, transplantation with miR-133a-CPCs further decreased the scar area and infarcted wall thinning compared with vehicle and control-miR-CPCs ( Figures 3B and 3C ). While the risk area decreased with respect to vehicle-treated animals, with no significant differences between the two CPC-injected groups ( Figure 3D ), the amount of viable myocardium inside the risk area ( Figure 3E ) was significantly higher in hearts injected with miR-133a-CPCs.
CPCs Increase Vascularization and Protect against Hypertrophy
Hearts from animals treated with control-miR-CPCs or miR-133a-CPCs contained a higher density of a-smooth muscle actin (a-SMA) + blood vessels in the infarct border zone compared with vehicle-treated animals ( Figure 4B ), but there were not significant differences in the remote zone ( Figure 4A ). Nonetheless, the density of a-SMA + blood vessels in the border zone did not differ between hearts injected with control-miR-CPCs or miR-133a-CPCs (Figure 4D ). We also investigated the capacity of CPCs to promote new cardiomyocyte formation ( Figure 4C ). Even though CPC injection did not significantly increase the total number of EdU + nuclei, both control-miR-CPCs and miR-133a-CPCs significantly increased the percentage of DNA-replicating cardiomyocytes (EdU + /troponin T + cells) 4 weeks after MI, although this increase was smaller for animals injected with miR-133a-CPCs ( Figure 4E ). We also measured the extent of hypertrophy in the border zone of infarcted rat hearts ( Figure 5A ). Cardiomyocyte cross-sectional area was significantly lower in animals injected with control-miR-CPCs compared with Figure 5B), and this reduction was higher with miR-133a-CPCs. Pathological hypertrophy is linked to the activation of a fetal cardiac gene program (Liu et al., 2008 ). An assessment of key fetal and adult cardiac genes expression revealed that animals treated with miR-133a-CPCs showed a significant reduction in the expression ratios of b-Mhc/a-Mhc and, more pronouncedly, in the ANP/BNP ratio ( Figure 5C ) when compared with animals treated with control-miR-CPCs, suggesting that miR-133a-CPCs protected the heart from pathological hypertrophy.
We tested conditioned medium (CM) from CPCs in an in vitro model of angiotensin II (ANG II)-induced hypertrophy in NRCMs (Figures 5D and 5E ). ANG II-stimulated NRCMs cultured in control medium are larger than nonstimulated cells ( Figure 5D ). In contrast, culture of NRCMs in CM from miR-133a-CPCs exhibited a significant decrease in ANGII-induced hypertrophy, and cardiomyocyte area was comparable to nonstimulated cells ( Figure 5E ). All together, these results suggested that miR-133-CPC transplantation would improve cardiac function mainly by protecting resident cardiomyocytes Stem Cell Reports miR133a-CPCs Protect against Myocardial Infarction from stress conditions rather than inducing regeneration of the endogenous damaged population, which is consistent with other reports using cell therapy approaches (Wang et al., 2009) .
To test this hypothesis, we cocultured control-miRCPCs and miR-133a-CPCs with NRCMs in serum-free medium to mimic stress conditions. Analysis of doublestained TUNEL + /troponin T + cardiomyocytes revealed that coculture with miR-133a-CPCs significantly and specifically reduced (>40%) the number of apoptotic NRCMs after 7 days ( Figures 6A and 6B) . In order to determine whether this effect required direct cell-to-cell interaction, we cultured NRCMs overnight with CM from control-miR-CPCs or miR-133a-CPCs, followed by exposure to H 2 O 2 (200 mM) for 2 hr. CM from miR133a-CPCs significantly reduced activation of caspases 3 and 9 ( Figure 6C ). Growth factor expression analysis showed that Vegf and bFgf levels, after H 2 O 2 treatment for 1 and 5 hr, were significantly increased in miR-133-CPCs ( Figure 6D ), suggesting that higher release of these cytokines could mediate their protective effects via paracrine actions. Recent studies have solidly established exosomes as paracrine effectors transferring functional molecules between cells in many physiological and pathological processes (Bang et al., 2014) . In human CPCs (hCPCs), a critical role for exosomes has been associated to their capacity for improving cardiac function after injury (Barile et al., 2014 , Ibrahim et al., 2014 . Based on these evidences, we analyzed the levels of miR-133a present in the CM (48 hr) from miR-133a-CPCs and control-miR-CPCs cultures, in basal conditions (normoxia) and after hypoxia ( Figure 6E ), which simulates the situation after MI. CM from miR-133a-CPCs contained very high amounts of miR-133a compared with those detected in CM from control-miR-CPCs. The differences were comparable to those found in the cellular fraction ( Figure S3A ). Furthermore, hypoxia (1% O 2 ) induced the increase of miR-133a levels secreted to the medium by 2-fold in both CPC populations. The analysis of purified exosomal fraction revealed that exosomes 
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derived from control-miR-CPCs and miR-133a-CPCs were highly enriched in miR-133a, in relation to the whole CM.
Simulation of miR-133a-CPCs Protection in Engineered Heart Muscle
To investigate the responsiveness of heart muscle to miR-133a-CPCs in a controllable fashion, we used an in vitro heart muscle model, termed engineered heart muscle (EHM) (Tiburcy et al., 2011 , Zimmermann et al., 2000 , 2002 . We generated cocultures of CPCs-EHMs by adding CPCs to isolated primary rat cardiomyocytes (84% ± 3% actinin-a1-positive, n = 4) in a 1:3 ratio (Figure 7A ). In comparison with miR-control-EHM (containing control-miR-CPCs), the contractile force of miR-133a-EHM (containing miR-133a-CPCs) was significantly enhanced after addition of calcium to evoke contraction ( Figure 7B ). Given the demonstrated extensive cardiomyocyte death occurring during the first 3 days of EHM cultures (Tiburcy et al., 2011) , we hypothesized that miR-133a-CPCs could protect cardiomyocytes against apoptosis in this period, leading to an increased number of viable cardiomyocytes at day 12 of culture. Indeed, we confirmed that caspase 3 activation, at day 3 of EHM culture, was reduced in miR-133a-EHM ( Figures 7C and 7D) . Consequently, we detected a higher percentage of cardiomyocytes in miR133a EHM at day 12 when compared with miR-control cultures ( Figures 7E and 7F) . To clarify the nature of the support provided by miR-133a-CPCs to tissue formation, we analyzed the expression of growth factors. Fgf, Hgf, Igf-1, and Vegf levels were all increased in miR-133a-EHMs ( Figures 7G-7J ). Specially in early culture stages, we did not find a relevant modulation of additional prosurvival factors for cardiomyocytes as Sdf-1, a critical factor for the in vivo regeneration capacity of cardiospheres-derived cells (CDCs) (Malliaras et al., 2014) or Sirt-1, which protects the heart against oxidative stress when upregulated at moderate levels (Alcendor et al., 2007) , but we found a clear upregulation of S100a4 throughout the whole culture ( Figure S7 ). S100a4 has been shown to inhibit apoptosis and increase the survival capacity of cardiomyocytes after injury (Schneider et al., 2007) . Accordingly, we found a highly significant difference (in early stages) in Bmf expression and a small not-significant difference in levels of Bcl-2, Bcl-xl, and Bim, suggesting that while Bim would be only relevant in CPCs, Bmf might mediate the protective role of miR-133 against stress-induced apoptosis, both in CPCs and cardiomyocytes.
DISCUSSION
Cardiac differentiation of Sca-1 + CPCs is associated with a progressive increase in the expression of miR-1 and Stem Cell Reports miR133a-CPCs Protect against Myocardial Infarction miR-133a. Although overexpression of these miRNAs had little influence on proliferation or apoptosis of CPCs in basal conditions, miR-1 increased the level of apoptosis promoted by H 2 O 2 , while miR-133 increased the number of viable cells under the same conditions. This is consistent with prior findings demonstrating that expression of miR-1 is induced after exposure to H 2 O 2 , in both a dose-and time-dependent manner and that several cell types overexpressing miR-1 are more vulnerable to H 2 O 2 -induced oxidative stress (Chen et al., 2012) . The antiapoptotic action of miR-133a has not been reported previously in stem cells or CSCs/CPCs. In cardiomyocytes, although the role of miR-133a during in vitro apoptosis has been questioned, it has been validated in in vivo studies (Liu et al., 2008 , Matkovich et al., 2010 . Some reports have recently suggested that caspase 9 might be a direct target of miR-133a since in vivo infusion of this miRNA after MI reduces caspase 9 activity and decreases the number of apoptotic cardiomyocytes (He et al., 2011) .
Bioinformatic analysis of putative miR-133 target genes rendered candidates mainly related to cell death and heart damage events such as hypertrophy, fibrosis, and apoptosis. Among them, Bim, Bmf, Stk4, and Foxo1 were involved in many of these processes. RT-qPCR analysis of miR-133a-CPCs versus miR-control-CPCs, treated with H 2 O 2 , demonstrated the potent proapoptotic factors Bim and Bmf were the most significantly downregulated. Among all BH3-only proteins known to date, Bim is the best described concerning its biological function, whereas little is known about its closest relative Bmf, which seems to play a more restricted role by supporting Bim in some cell death processes (Piñon et al., 2008) . Recently, it was demonstrated that in mouse and human hematopoietic stem and progenitor cells, low expression of Bim or Bmf provokes a similar effect to overexpression of Bcl-2 and that their downregulation inhibits apoptosis, favoring HSC long-term engraftment (Labi et al., 2013) . Furthermore, Bim is an important target for a miRNA cocktail (miR-21, miR-24, and miR-221) that significantly improves survival of untreated Sca1 + CPCs (Hu et al., 2011) . In agreement with these data, our results suggest that miR-133 protects CPCs from oxidative stress-induced apoptosis, at least in part, through targeting of Bmf and Bim. (Malliaras et al., 2012 , Tang et al., 2010 . This correlates with our findings that CPC transplantation increases vascular density and proliferation rate of resident cardiomyocytes. Our main hypothesis that miR-133a enhances CPCs-paracrine effects is supported by the upregulation of bFgf and Vegf in miR-133-CPCs upon oxidative stress, which might be an indirect consequence of the increased survival of CPCs. In the EHM model, we found that both growth factors were identically upregulated in the CPCs, as well as we found increased levels of Igf-1 and Hgf, being this last factor recently described as protective for hepatic stem cell/progenitor populations subjected to oxidative stressinduced apoptosis (Martínez-Palacián et al., 2013) . In the EHM, CPCs were retained during culture, and the addition of miR-133a-CPCs enhanced the contractile capacity. This is at least partially achieved by reduced cardiomyocyte cell death during the initial 3 days of EHM culture and a probable direct effect of increased secretion of Vegf, bFgf, and Igf1 on contractility promotion (Cilvik et al., 2013 , Troncoso et al., 2014 , Zentilin et al., 2010 . The first 3 days of EHM culture represent a vulnerable phase accompanied by substantial cell death, mainly by apoptosis of cardiomyocytes (Tiburcy et al., 2011) . Antiapoptotic factors are particularly helpful during this early EHM culture phase (Naito et al., 2006 , Vantler et al., 2010 . Compared with miR-control-CPCs, miR-133a-CPCs reduced cardiomyocyte apoptosis and enabled a higher percentage of cardiomyocytes in longer cultures. Interestingly, inclusion of unmodified CPCs also provided protection, resulting in lower rates of apoptosis ($15%) when compared with standard EHM cultures without CPCs ($35%) (Tiburcy et al., 2011) . These lower rates may be explained by the increased expression of cardioprotective growth factors (e.g., Igf-1), which are at least partly responsible for the beneficial effects of CSCs/CPCs and MSCs transplanted into ischemic heart (Malliaras et al., 2012 , Wang et al., 2009 ). Other prosurvival factor incremented in miR-133a-EHM was S100a4, which has been shown to promote protection against apoptosis and improve cell survival rate in injured myocardium (Schneider et al., 2007) . Our own data with the EHM model appear to concur with all of these favorable effects.
Our findings showing an increase of growth factors expression in miR133-CPCs upon stress conditioning and the amelioration of cardiac functions after miR133-CPCs transplantation post-AMI are in agreement with a recent publication that demonstrates that previous supplementation (''priming'') of SCA1 + /CD31 + cells with recombinant IGF-1+HGF increases their engraftment capacity and survival rate, promoting angiogenesis and favoring regeneration in response to the hostile microenvironment of an infarcted heart, after their transplantation ). Our results demonstrate that miR-133a, without affecting proliferation/differentiation potential, promotes CPCs survival and significantly increases their capacity to protect the heart against hypertrophy and apoptosis after MI. Recently, it has been proposed that exosomes, which resulted to be highly enriched in specific miRNAs, play a critical role in hCPC-driven improvement of cardiac function after injury (Barile et al., 2014) . Exosomes secreted by CDCs also contain a distinctive repertoire of miRNAs (Ibrahim et al., 2014) and inhibit apoptosis and promote proliferation of cardiomyocytes, while enhancing angiogenesis. All of these recent evidences support the phenotype that we observed with miR-133a-CPCs. We confirmed that secreted miR-133a was mainly incorporated into the exosomal fraction of miR-133a-CPCs-CM, suggesting that direct transfer of the miRNA might mediate part of miR-133a-CPCs paracrine actions on the damaged tissue. However, the high levels of miR-133a already present in mature cardiomyocytes makes unlikely that CPC-exosomal contribution of miR-133a may provide additional significant effects on damaged cardiomyocytes. Finally, it has been recently demonstrated that the combination of miR-133a with cardiac core transcriptional factors (Gata4, Mef2c, and Tbx5) or GMT plus Mesp1 and Myocd significantly improves direct cardiac reprogramming from human and mouse fibroblasts (Muraoka et al., 2014) . Our results on the role of miR-133a in CPCs could be fully compatible with its plausible contribution to transient progenitor survival during the reprogramming process.
In summary, we believe that miR-133a protective actions integrate the rescue of endogenous CPCs, early activated progenitors as angioblasts (Malliaras et al., 2014) or endothelial cells, and the secretome/exosome-mediated repair of damaged resident cardiomyocytes via a complex combination of secreted miRNAs and growth and survival factors. Our work provides a detailed dissection of the mechanisms activated by miR-133-CPC transplantation and establishes the basis for a future improvement of therapeutic use of CPCs for regenerating injured myocardium after infarct.
EXPERIMENTAL PROCEDURES
In Vitro Experiments with CPCs
Adult mouse hearts (C57BL/6 mice, 8-12 weeks old) were treated with collagenase type II (Worthington), and SCA-1 + Lin À cells were isolated using a Lineage Depletion kit and Sca-1 microbeads (Miltenyi Biotech). For preparation of CM, cardiomyocytes were cultured for 48 hr in fetal bovine serum-free M199 (apoptosis and hypertrophy experiments). For apoptosis experiments, cells were treated for 1-5 hr with 200 mmol/l H 2 O 2 , and samples were collected for gene expression analysis (RT-PCR) or apoptosis quantification (caspase 3/caspase 9; MBL International).
miR-1 and miR-133a Overexpression pLenti4 lentiviral vectors were subcloned with the Gateway system (Invitrogen) from pcDNA vectors obtained with a BLOCK-iT Pol II miR RNAi Expression Vector Kit with EmGFP (Invitrogen) and designed for the expression of miR-1, miR-133a, and a nontargeting control miRNA. Retroviral vectors (MiR-Vec) used for the expression of miR-133a, and a control-miRNA, were purchased from Geneservice (Source BioScience). The pRRL.CMV.IRES.GFP lentiviral vector was used to trace GFP + cells. Supernatants containing lentiviral or retroviral particles were obtained at high titer at the CNIC Viral Vector Facility.
EHM Cultures
EHM culture is a biomimetic in vitro heart model with cardiac muscle properties. EHM cocultures were prepared with CPCs and enriched NRCMs (1:3 ratio, total 2.5 3 10 6 cells per EHM) and maintained as previously described (Tiburcy et al., 2011 , Zimmermann et al., 2000 , 2002 .
Statistical Analysis
Data are generally expressed as mean ± SEM. Data were analyzed with Student's t test for paired experiments and with two-way ANOVA for multiple group comparisons. Analyses were conducted with GraphPad Prism 5.0, and values of p < 0.05 were considered statistically significant.
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